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Abstract
The U.S. Geological Survey, in cooperation with the Federal Emergency Management Agency, identified high-water marks after two floods in Vermont during 2011. Following a snowy winter, new monthly precipitation records were set in Burlington, Vermont, in April and May 2011, causing extensive flooding from April through June. The spring 2011 flooding resulted in a new record for stage (103.27 feet, referenced to the National Geodetic Vertical Datum of 1929) at the Lake Champlain at Burlington, Vt., gaging station (04294500). During August 28 and 29, 2011, tropical storm Irene delivered rainfall totals of 3 to more than 7 inches throughout Vermont, which resulted in extensive flooding and new streamflow records at nine streamgaging stations. Four presidential declarations of disaster were made following the 2011 flood events in Vermont.
Thirty-nine high-water marks were identified and flagged to mark the highest levels of Lake Champlain from the May 2011 flooding, and 1,138 high-water marks were identified and flagged along Vermont rivers after flooding from tropical storm Irene in August 2011. Seventy-four percent of the highwater marks that were flagged were later found and surveyed to the North American Vertical Datum of 1988.
Introduction
A snowy winter capped by a snow storm that set a record for the greatest total snowfall of any March storm (in Burlington, Vermont), followed by monthly precipitation records set in April and May 2011 (also in Burlington) caused historic flooding to Lake Champlain. Just three months later, in August, more record-breaking rainfall and damaging winds from hurricane Irene (downgraded to a tropical storm before entering New England) resulted in extensive destruction and millions of dollars of damages in the eastern United States. During the spring event, nine streamgages on five rivers plus two Lake Champlain gaging stations were at or above High-water marks (HWMs) from major storm events provide evidence of the highest water-surface elevations reached by a flood. This information is necessary for documenting the magnitude and extent of flooding to support State and local governments and FEMA in making eligibility determinations under the Public Assistance and Individual Assistance Grant Programs. Data from HWMs also are used to determine appropriate hazard mitigation measures to minimize flood losses in future disasters, to prioritize and allocate disaster funding, and to support recovery activities authorized by the Stafford act. To support flood recovery efforts from the two major flood events in 2011 and carry out the Hazard Mitigation 1 The 1-percent annual exceedance probability has a 1 in 100 chance of being equaled or exceeded in any 1 year and has an average recurrence interval of 100 years. It is often referred to as the "100-year flood. Grant Program for the State of Vermont, the U.S. Geological Survey (USGS), in cooperation with FEMA under Mission Assignment 4022-DR-VT-USGS-01, identified HWMs in Vermont between August and October 2011 and arranged a contract with a consultant to obtain surveyed elevations for those HWMs (appendix 1; Dewberry, written commun., 2012). Surveyed elevations for HWMs will be used by USGS to generate flood inundation maps for selected study reaches along major flooding sources in Vermont that experienced less than 1-percent annual exceedance probability streamflows and significant damages.
Purpose and Scope
The objective of this study is to provide a quantitative record of the spring 2011 flooding of Lake Champlain in Vermont and the tropical storm Irene flood event in Vermont that will assist in implementing relief from the Stafford act for the major disaster declarations from these events. The cooperative agreement between FEMA and USGS consists of four major tasks related to this objective-the first of which is the subject of this report: locating HWMs from the flood events and surveying them into a known base datum to document the extent and the depth of flooding.
Study Area
HWMs 
Lake Champlain Flooding from April through June 2011
Extensive flooding around Lake Champlain and northern Vermont occurred from April through June 2011. Lake Champlain levels were above the National Weather Service 
Tropical Storm Irene
Just 3 months after the historic springtime flooding on Lake Champlain, tropical storm Irene moved through Vermont, resulting in a second presidential declaration of disaster in 2011 for Vermont, this time for the entire State. From August 28 through 29, 2011, rainfall from Irene totaled from 3 to more than 7 inches throughout Vermont (National Weather [ft, feet; ft Each field crew consisted of at least one technician who had experience in finding and flagging HWMs according to general USGS guidelines for identifying, rating, and classifying these marks (Benson and Dalrymple, 1967) . HWMs were rated according to a quantitative accuracy scale (table 4; modified from Lumia and others, 1987) . A system was established for naming HWMs and recording HWM information so that data recorded by field crews would be consistent. Areas targeted for flagging HWMs after tropical storm Irene were upstream and downstream from all structures (road and railroad bridges, culverts, and dams) on all stream reaches that had experienced major flooding in the State.
Each field crew had a preprogrammed Trimble Nomad personal digital assistant (PDA) equipped with a Global Positioning System (GPS) to determine latitude and longitude information. With the identification of each unique HWM, a text file with descriptive information and the GPS location was generated and saved to the PDA. The GPS locations were stored, organized, and displayed using Trimble AgGPS EZ-Map software (Trimble Navigation Limited, 2006) . At least two photographs were taken for documentation that also could be used later by the survey crews to help find the HWM. Typically, one of the photographs was at close range and the second at some distance to provide context. In some cases, a backup latitude and longitude (in addition to that saved on the PDA) was generated and either saved in paper files or in a separate electronic device. 
Surveying High-Water Marks

Summary
Vermont experienced two historic flood events in 2011. The wettest spring on record in Burlington (19.94 inches of precipitation from March through May) resulted in a new record for stage (103.27 feet on May 6, referenced to the National Geodetic Vertical Datum of 1929) at the Lake Champlain at Burlington, Vermont, gaging station (04294500). The water level in Lake Champlain remained above National Weather Service flood stage of 100 feet for 68 days between April 13 and June 18. Presidential declarations of major disasters were made in June, July, and November 2011 as the result of the severe storms and flooding during April through June 2011 around Lake Champlain.
From August 28-29, 2011, record rainfall from tropical storm Irene (3 to more than 7 inches statewide) caused extensive flooding throughout Vermont on a scale not experienced since 1927. Eighty-eight percent of municipalities in the State suffered damage. New record streamflows were recorded at nine sites in and near Vermont and nine other sites had peak streamflows among the top four of record. A fourth presidential declaration of disaster was made in Vermont following tropical storm Irene, which (with subsequent amendments) authorized individual assistance for 12 counties, public assistance for all 14 counties, and hazard mitigation statewide. High-water marks (HWMs) from the spring and August floods in Vermont were flagged by the U.S. Geological Survey (USGS) during the 2011 field season. The highest levels of Lake Champlain from the May 2011 flood peak were documented with 39 HWMs in four counties. These HWMs generally were identified and flagged at lake access areas and boat launches.
Flood levels of Vermont rivers after tropical storm Irene were documented with 1,138 HWMs in 12 counties. These HWMs generally were identified and flagged upstream and downstream from all structures in stream reaches that were heavily impacted by flooding. A system of protocols for identifying and recording HWM information using personal digital assistant devices equipped with a global positioning system was developed to ensure consistent data collection among field crews. The success rate for finding flagged HWMs by the contracted survey crews was 74 percent. The surveyors produced a spreadsheet with surveyed horizontal coordinates and vertical elevations and a report describing methods and metadata. In the next phase of this project, survey data from these flood elevations will be used by the USGS to generate flood inundation maps for selected study reaches in Vermont.
